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In the previous communication (1) it was pointed out that effective phagocy- 
tosis was governed not only by the number of granulocytes and the extent of 
their migration, but also by their ability to ingest and finally to digest the en- 
gulfed bacteria. It was shown that irradiation of a host produced a two phase 
depression in the ability of leucocytes to migrate. This depression could not be 
explained by the effect of radiation on total or differential W.B.C. counts, nor 
could it be ascribed to plasma factors. The present report deals with the ef- 
fect of total body irradiation on (a) the ability of leucocytes to ingest bacteria, 
as  measured  by  the  opsonocytophagie index  (hereafter  referred to  as  "op- 
sonophagic index" or "index of opsonophagic phagocytosis") and the index of 
surface phagocytosis and (b) their ability to destroy the ingested organisms. In 
addition, since it has been indicated that radiation decreased the bactericidal 
activity of serum (2, 3) the effect of radiation on the bactericidal power of the 
blood was also studied in relation to phagocytosis. 
The literature on the effect of radiation on phagocytosis  is contradictory. Some of 
the contradictions seem to depend on differences in dosage and experimental animals. 
Thus phagocytosis has been reported to be decreased by exposure to 300 r in man (4) 
and dog (5), and increased by exposure to 75 or I00 r in man (4) and rabbit (6-8). 
Another group of workers (9) reported that 300 r did not alter the phagocytic aetlv. 
ity of granuloeytes  in mice. Other apparent discrepancies in the literature may trove 
depended on differing techniques  of measurement of phagocytic activity. Whereas 
the usual phagocytic indices measure  the activity only of leucocytes,  estimation of 
the rate of disappearance  in vivo of a phagocyted substance would also take account 
of the fixed tissue macrophages.  When the removal of prodigiosin from the blood of 
rabbits was used as an index of phagocytic activity, depression of phagocytosis  fob 
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lowed exposure to 800 r but not to 300 r  (10). Other workers found no consistent ef- 
fect on the disappearance of colloidal radiogold in rabbits exposed  to  1000 r  (11). 
Recently, it has been demonstrated that while no change occurred in the rate of re- 
moval of radioactive chromium phosphate in rats irradiated with 25 r, 50 r or 100 r, 
indication of diminished capacity of the reticulo-endothelial system was  postulated 
because of more effective "blockade" induced by the thorotrast in rats exposed to 100 
r than in non-irradiated animals (12). 
Very lhtle is known about the process  by which leucocytes destroy engulfed bac- 
teria. Many bacteria are known to survive and multiply in phagocytes (13), and some 
are even egested by them (14).  That leucocyte extracts are  bactericidal has been 
known for a long time (15-18); attempts have been made to use such extracts as thera- 
peutic agents (19-21). The bactericidal power of leucocytes presumably depends on 
enzymatic activity. It is of interest to note that proteolytic enzymes have been de- 
tected in leucocytes (22, 23), as were llpases, glycolytic enzymes (24), nucleases (25), 
and cat~l~se  (26).  No doubt, leucocytes--like other cells--contain many enzymes. 
However, the effect of radiation on bactericidal activity of leucocyte extracts has not 
been investigated to any extent. 
Materials and Metkods 
Experimental Animals.--200  to 250 gin. male and female Sprague-Dawley rats were used 
throughout this study. The animals were obtained from a commercial breeder and appeared 
to be free of detectable infection. Method of irradiation and radiation factors were similar 
to those described in the previous report (1). 
Phagocytic Indices.--A modification of the technique described by Davis (27) was used in 
determining the phagocytic indices. The stem of a  capillary pipette  coated with  paraffin 
was marked so that known volume of a mixture of bacterial suspension and defibrinated 
tail vein blood of rats could be drawn into it. 2 volumes of the defibrinated blood was mixed 
on a paraffin-coated slide with 1 volume of M~'rococcus o~ureus. The ratio of bacterial ceils 
to  leucocytes was adjusted  to  approximately  10e:l.  The mixture  was aspirated  into the 
pipette, sealed, and incubated at 37°C. for 30 minutes, and a drop of the contents then spread 
over a clean slide, dried, and strained with methylene blue. Fifty or more polymorphonuclear 
leucocytes were examined and the number of bacteria ingested per leucocyte (opsonophagic 
index) was determined. 
Surface Phagocytosis.--The  procedure for measuring surface phagocytosis was a modifi- 
cation of that described by Wood, Smith, and Watson  (28). Rats were injected intraperi- 
toneally with 5 mi. of an aleuronat-starch-tryptose broth mixture; 12 to 18 hours later the 
animals were sacrificed and the peritoneal exudate removed by flushing it with sterile iced 
gelatin-Locke's solution. The exudate consisted of approximately 90 per cent of polymorpbo- 
nuclear leucocytes. The collected leucocytes, kept constantly at 4--6°C., were centrifuged at 
700 R.P.~. for  15 minutes. Their concentration was determined after washing three  times 
with sterile geiatin-Locke's solution to remove any present antibodies. A known amount of a 
5 hour culture of Type lift Diploco~us t0neunwn/ae  was then added to a known concentration 
of packed leucocytes so that the ratio of bacteria to leucocytes would again be approximately 
10~:1. This mixture was pipetted onto filter paper moistened with saline, placed in a covered 
Petri dish, and incubated for 30 minutes at 37°C. Impression smears were then made from the 
filter paper on five successive slides, thus diluting the mixture to a point where a reading 
could be made comparable to a phagocytic index determination. 
Blood .foe the Baeterleldal ~xperiraents.--Each  blood sample, drawn aseptically by cardiac 
puncture, was divided into 3 portions, one heparinized (0.8 ml. hepaxin per ml. blood) for M.  FISHMAN  AND  L  L.  SKECHM:EISTER  277 
tests of  bactericidal activity,  one defibrinated for determination of phagocytic index and 
differential W.B.C. counts, and a  third (0.5 mi.) plated on nutrient agar to test sterility. 
Lm~ocytes.--Lencocytes were obtained from the peritoneal cavity of animals injected 12 
to 18 hours previously with an aleuronat-starch-tryptose broth mixture. Their concentration 
was determined after washing them several times with a pH 7 phosphate buffer solution. 
Serum.--Sera obtained by bleeding several animals were pooled  and  sterilized by Seitz 
S-1  filtration. When necessary, an aliquot of this serum was  (a) inactivated by heating at 
56°C.  for 30 minutes and/or (b) adsorbed with a specific organism. 
Bactericidal Acti¢ity.MA modification of  the procedure described by Robertson and Sia 
(29) was used in determining bactericidal activity. Constant volumes of heparinized blood or 
known concentrations of leucocytes, with or without serum, from normal or irradiated ani- 
mais, were added to graded doses of M. nut,us suspended in nutrient broth. The mixtures 
were incubated at 37°C. and bacterial counts were made from each tube prior to and 2 and 18 
hours after incubation, by a  modification of the method of Miles and Mlsra (30). Calibrated 
drops of appropriate dilutions of the bacterial suspensions made with sterile saline were placed 
on a nutrient agar plate by means of an 18 gauge needle connected to a capillary pipette or a 
tuberculin syringe. Each drop represented ~'~6 mi. 
Leucocyte Extracts.--Leucocytes obtained from the peritoneal cavities of normal and ir- 
radiated animals were broken up by means of a  10 kc. oscillator, 115 v., 60 cycles. The ex- 
tract was then filtered through a  Seitz S-1 filter and used within 6 hours. The fractionation 
procedures were carried out at 4--6°C. In one-step fractionation 37 mi. of a saturated solution 
of NI-I~SO4 was added to 6.7 mi. of the extract, the mixture was centrifuged at 10,000 a.v.a. 
in a  SorvaI1 superspecd angle centrifuge for 5 minutes. The superuatant was discarded  and 
the precipitate was redissolved in 0.05 ~  phosphate buffer, pH 8.0.  The extract was then 
dialyzed against the same 0.05 ~ phosphate buffer for 6 to 17 hours. In two-step fractionation 
8 gin. of NH4SO~ was added to 8 mi. of the extract and the mixture was centrifuged at 10,000 
a.v.~, for 5 minutes. The precipitate was redissolved in 5 mi. of 0.05 M phosphate buffer at 
pH 8.0,  and constituted a  0 to 50 per cent fractionation step (F-l). 32 tim. of N"H4SO, was 
added  to  the superaatant  and  the resniting precipitate represented  a  50 to  100  per cent 
fractionation step  (F-2). Both fractions were dialyzed against 0.05 x~ phosphate buffer, pH 
8.0 for 6 hours. 
In fractionating the extract with calcium phosphate gel, 0.05 ml. and 0.2 mi. amounts of 
concentrated calcium phosphate were centrifuged at 10,000 R.v.x¢. for 5 minutes and in each 
case the sedimented material was combined with 1 to 8 ml. of the extract. The suspension 
was stored for 5 minutes and centrifuged at 10,000 R.P.~.  for 5 minutes and the supernatant 
was used in the assay. 
Bacterial Cultures.raM. aur~s was grown for 24 hours at 37°C.  in 10 ml. nutrient broth. 
The culture was centrifuged at 3000 ~.V.M. for 20 minutes and the packed ceils were resus- 
pended and washed three times in sterile saline. 
The Assay System for Leucocyl~ .Extract Experiments.--The assay mixture consisted of 2 
ml. of the luecocyte extract plus 0.5 ml, of a  10  -~ saline dilution of the final suspension of M. 
aureus. The mixture was incubated at 37°C. and at 0, 30, and 60 minutes after incubation 
0.1 mi. was plated on nutrient agar with a  glass spreader. The plates were incubated over 
night at 37°C.  and the number of colonies counted and expressed as the number of bacteria 
per milliliter. Two to four plates were prepared for each determination. 
ILESULTS 
Effect  of Radiation  on  Indices  of Phagocytosis  and  Surface  Phagocytosis.-- 
The  indices of  opsonophagic and  surface  phagoeytosis,  determined  at  various 
postirradiation periods on the same groups of animals exvosed to 600 r  are sum- 278  E~F~'ECT O~' IRRADIATION  ON PHAGOCYTOSIS. II 
marized in Tables I  and II. A significant increase in opsonophagic index (from 
6.4 to 10.6) was observed 2 hours after irradiation; by 48 hours the index had 
subsided to 6.7 and thereafter it fell gradually to 2.3 72 hours after irradiation. 
After an additional 24 hours the index rose again to 5.1. A similar but less strik- 
ing change appeared in the index of surface phagocytosis, which increased from 
4.0 to 5.4,  1 day after irradiation,  returned  to normal 24 hours later,  and de- 
creased  to  2.9  at  72  hours.  A  possible  maximum  occurring  within  24  hours 
TABLE I 
The Effect of Irrodiation  of Rats with 400 r on Phagocytic Index 
Time after irradiation  No. of animals  Mean phagocytic  index 4- s.z.* 
0 
2 
12 
24 
48 
6O 
72 
96 
24 
19 
15 
17 
8 
4 
5 
4 
6.4 4- 0.16 
10.6  4- 0.30 
9.8 4- 0.22 
8.8 4- 0.22 
6.7  4- 0.09 
5.5  4- 0.09 
2.3  4- 0.32 
5.1  4- 0.39 
* s.z., standard deviation of the mean. 
TABLE II 
Th~ Effea of I~adiation of Rats ~Ath 600 r an Index of Sv,  rface Phagocytosis 
Time after irradiation  No. of animals  Mean phagocytic  index .4- s.z." 
]~rS. 
0 
24 
48 
72 
96 
11 
12 
9 
6 
4 
4.0 4- 0.14 
5.6 -4- 0.25 
3.7  4- 0.08 
2.9  4- 0.11 
5.3  4- 0.6t 
* S.E., standard error of the mean. 
could not be tested by the procedure used, since 12 to 18 hours were allowed 
between the injection of aleuronat and sacrificing of the test animals. Injection 
of the aleuronat before irradiation would have changed the experimental  con- 
ditions by allowing a  concentrate  of leucocytes to be exposed to the ionizing 
rays.  Counts  of  circulating  lymphocytes and  gmnulocytes at  different  post- 
irradiation periods (Fig. 1) show that a  granulocytopenia was associated with 
the drop in  the  phagocytic index  observed 3  days after  irradiation.  The  in- 
creases in the index 2 to 12 hours and 4 days after irradiation however, were not 
reflected in the W.B.C. counts. Since a constant bacteria: granulocyte ratio was M.  FISHMAN AND I.  L.  SHECWar~.ISTER  279 
maintained in the measurement of surface phagocytosis, variation in this index 
with postirradiation time was independent of the concentration of granulocytes. 
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Posttr~dledion  tim~  dais 
1~0.  1.  Effect of 600 r  totaJ-body radiation on the W.B.C.  counts and their phagocytic 
ind~:es. 
The Effect of Radiation on tke Bactericidal Power of Wkole Blood.-- 
15 rats were exposed to 600 r  (total body) radiation and bled in 3 groups of 5 each,  1, 3, 
and 5 days later.  The surviving  rats  were bled again on the 30th postirradlation  day. 5 un- 
irrad~ted animals served as controls.  1.8 ml. of graded doses of M. a~eus was added to I 
ml. aliquots  of  hepafinized  blood  pooled from the  5 animals.  The tubes  containing  this  mlxture 
were rotated at 37°C. and bacterial  counts were made from each tube prior  to and after 
2 and 18 hours of  incubation.  Another aliquot  of each sample of  blood was defibrinated  and 
its  phagocytic index was determined. 280  EFFECT OF IRRADIATION ON PHAGOCYTOSIS.  II 
The results are presented in Tables III, IV, V, and VI. In each case an end- 
point was represented by the largest number of bacteria completely killed by the 
blood, as evidenced by the absence of growth after 18 hours of incubation of the 
mixture.  The  following values were  obtained for the  normal  animals: a  bac- 
TABLE III 
Bactericidal Power of Whole Blood from Control Animals against M. aureus 
Group I.  Control rats.  Average W.B.C. count,  16,000/ram.S; average phagocytic index, 
7.44 4- 0.31. 
Concentration of M. aures~s/ml,  after indicated time of incubation 
0 hr.  2 hrs.  18 hrs. 
13.4  X  105 
7.80  X  104 
5.60  X  10  s 
3.00  X  l0  S 
1.40  X  101 
0 
0 
5.0  X  104 
1.0  X  108 
1.5  X  101 
0 
0 
0 
0 
73.0  X  104 
20.3  X  104 
48.0  X  104 
23.0  X  102 
0* 
0 
0 
* End-point 14 to 300 organisms. 
TABLE IV 
Bactericidal Power of Whole Blood from Irradiated Animals (600 r) against Id. aureus 
Group II. Rats I clay after irradiation. Average W.B.C. count, 3560/ram.S; average phago- 
cytic index, 11.1 4- 0.25. 
Concentration of M. aureus/ml, after indicated time of incubation 
0 hr.  2 hrs.  18 hrs. 
8.56  X  l0  s 
10.80  X  1@ 
3.00  X  10~ 
2.21  X  l0  S 
2.30  X  10  I 
0 
0 
3.68  X  104 
1.38  X  102 
1.38  X  101 
0 
0 
0 
0 
16.0  X  105 
10.0  X  105 
25.0  X  10  i 
1.0  X  101 
0* 
0 
0 
* End-point 23 to 221 organisms. 
tericidal end-point of 14 to 300  organisms, a  phagocytic index of 7.44 and an 
average W.B.C.  count  of  16,000/mm?  1  day after  irradiation a  similar  bac- 
tericidal end-point was obtained (23 to 221  organisms), despite a marked leuco- 
penia (3560/mm?)  and an increase in the phagocytic index (11.1). A  decrease 
in all values was noticed on the 3rd postirradiation day. The bactericidal index 
was 0  to 3  organisms, the phagocytic index dropped to 3.77, and the W.B.C. M.  ~'IS]IMAN AND I.  L.  SHECT-I'M~ISTER  281 
count  decreased  to  600/ram)  A  similar  picture  was  observed  6  days  after 
irradiation.  The three values returned  to normal 30 days after irradiation. At 
this time the bactericidal end-point  was 27  to  270  organisms,  the phagocytic 
index was 7.2, and  the average W.B.C.  count was 8,700/mm) It is noteworthy 
TABLE V 
Bactericidal Power of Whole Blood from Irradiated Animals (600 r) against M. aureus 
Group  IIl.  Rats  3  days  after  irradiation.  Average  W.B.C.  count,  820from.s;  average 
phagocytic index, 3.78 -4- 0.28. 
Concentration of N. aure~s/ml, after indicated time of incubation 
0 hr.  2 hrs.  18 hrs. 
22.5  X  10  ~ 
23.8  X  10  ~ 
17.9  X  l0  s 
24.4  X  10  t 
32.2  X  10  ° 
0 
0 
8.3  X  104 
7.8  X  10  * 
1.8  ×  10  * 
0 
0 
0 
0 
97.0  ×  104 
110.0  X  104 
30.0  X  105 
14.7  X  l0  s 
27.0  ×  10  ~ 
41.0  X  103 
0* 
* End-point  0 to 3 organisms. 
TABLE VI 
Bactericidal Power of Whole Blood from Irradiated Animals (600 r) against M. aureus 
Group IV. Rats 6 days after irradialion. Average W.B.C. count, 600/ram); average phago- 
cytic index, 4.4 ~  0.23. 
Concentration of M. aureus/ml after indicated time of incubation 
0 hr.  2 hrs.  18 hrs. 
8.7  X  I04 
11.9  X  I08 
10.1  X  102 
4.6  X  101 
0 
0 
0 
5.33  X  10  a 
7.40  X  l0  s 
9.00  X  101 
0 
0 
0 
0 
12.3  X  104 
30.0  ×  I08 
59.0  X  I0  s 
77.0  X  104 
97.0  X  102 
0* 
0 
* End-point  0 to 4 organisms. 
that the bacterial counts at the end of 2 hours of incubation showed no effect 
of radiation on the bactericidal activity. 
A  decrease in bactericidal index 3  and  6  days  after irradiation,  and  its re- 
turn  to normal 30 days after irradiation,was associated with the concentration 
of granulocytes at these postirradiation periods. The following experiment was 
designed to  determine  whether granulocyte  concentration plays  a  role in  the 
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Equal concentrations of granulocytes from peritoneal washings of normal and irradiated 
rats were added, with or without serum, to graded doses of M. aurcuc. The concentration of 
bacteria in each tube was determined prior to and 2 and 18 hours after incubation at 37°C. 
This procedure was carried out ], 3, and 8 days after irradiation. 
TABLE  VII 
Effect  of Radiation  (600 r/1  Day)  on the Bactericidal Power of Leucocytes and~or Serum 
Concentration of M. aurcus/ml,  after 
indicated time of incubation 
0hr.  2 hrs. 
I.  Normal leucocytes +  M. auw,  us 
II.  Normal leucocytes +  M. aureus  +  nor- 
mal serum 
III.  Normal serum +  M. aureus 
IV.  Physiological saline +  M, aur~us 
V.  Irradiated leucocytes +  M. aureus 
VI.  Irradiated  leucocytes  +  M.  aur~,s  + 
irradiated serum 
VII.  Irradiated serum +  M. aurcav 
20 
18 
X 
X 
0 
0 
22 X 
27 X 
14  X 
0 
17 
14 
15 
23 
46 
14 
14 
14 
X 
X 
0 
0 
X 
X 
X 
0 
X 
X 
X 
0 
X 
X 
X 
0 
25 
32 
14 
23  X 
27 X 
0 
0 
l0  s  14 X 
I01  27 X 
92 X 
0 
102  22 X 
llY  18 X 
I0  °  0 
0 
I0  ~  17 X 
101  28 X 
28 X 
0 
lO  s  49  X 
I0  ~  21 X 
I0  °  27 X 
0 
102  40  X 
10  ~  67 X 
10  °  14  X 
I0  ~  27 
10  ~  9 
10  o 
10  ~  31 
I@  27 
l0  s 
I0  ~ 
I0  o 
lO  s 
101 
102 
10  ~ 
10o 
10  a 
10  2 
10  ~ 
I0  s 
101 
I0  ~ 
0 
X  I0  ~ 
X  I0  l 
0 
0 
X  10  ~ 
X  101 
0 
0 
The  results (Table VII)  indicate that  normal granulocytes alone were inac- 
tive  or had  only a  slight effect on M.  a~reus,  compared  to  the  control  tubes 
containing M.  aure~s and saline. Normal granulocytes plus normal serum were M.  lqSHM.AN  AND  I.  L.  SHECHt~.ISTER  283 
TABLE  VIII 
g.~ea of Radiation (600 r/3 days) on tke Baaericidal Power of leucocytes and~or  Serum 
Concentration of M. attreus/ml, after 
indicated time of incubation 
I.  Normal leucocytes +  M. aurtus 
II.  Normal leucocytes +  M. aureus +  nor- 
mal serum 
III.  Normal serum +  M. aureus 
IV.  Physiological saline +  M. aureus 
V.  Irradiated leucocytes +  M. aureus 
VI.  Irradiated leucocytes +  M. aureu, +  ir- 
radiated serum 
VII.  Irradiated serum +  M. aureus 
0 hr. 
32  X  102 
32  X  10  ~ 
0 
0 
29  X  los 
29  X  102 
37  X  10  ~ 
46  X  10  ° 
0 
37  X  10' 
32  X  lO  t 
0 
0 
24  X  los 
24  X  102 
69X  10  ~ 
46X  10  ° 
0 
34  X  los 
50X  l0  t 
23  X  10  ° 
0 
28  X  l0  s 
28  X  102 
7X  101 
46X  los 
0 
29  X  102 
32  X  l0  t 
46  X  10  ° 
0 
2 hrs. 
21  X  los 
17  X  los 
14  X  10  l 
0 
88  X  103 
32  X  10  * 
78  X  101 
14  X  10  ° 
0 
14  X  los 
82  X  l0  t 
46  X  10  ° 
0 
56  X  10' 
29  X  los 
43  X  los 
11  X  1OS 
46  X  100 
28  X  los 
16  X  102 
51  X  10  ° 
0 
13  X  10  ~ 
60X  los 
90  X  l0  t 
91  X  10  ° 
0 
46×  10  ~ 
32  X  los 
14  X  los 
0 
more bactericidal than normal serum alone. Essentially similar results were ob- 
tained  1  day  after  irradiation.  3  days  after  irradiation  (Table  VIII)  the  ir- 
radiated granulocytes plus irradiated serum were less bactericidal than were the 
normal  granulocytes plus normal serum.  Since the irradiated serum alone was 
more bactericidal  than  the normal serum,  it is presumed  that  the decrease  in 284  EFFECT  OF  IRRADIATION ON  PHAGOCYTOSIS.  II 
the bactericidal power of the blood at this postirradiation time was due, in part, 
to the altered function of leucocytes rather than to any change in the serum 
component.  Results  8  days  after  irradiation  pointed  to  similar  conclusions. 
Since  equal  concentrations of normal  and  irradiated  W.B.C.  were  used  and 
since granulocytes composed about 90 per cent of the leucocytes, neither leuco- 
penia  nor  changes in  white  blood  cell  population  could have  influenced  the 
above results. 
TABLE IX 
Bactericidal Effect of Leucoc  ,te Extract on M. aureus 
Bacterial concentration per ml. after 
indicated incubation  ,eriod 
A.  M. aureus +  leucocyte  extract .............. 
Locke's +  leucocyte  extract ............... 
Locke's +  M'. aureu~ ..................... 
M. aureus +  boiled leucocyte  extract ....... 
0  min. 
93 
0 
103 
84 
B.  M. aureus +  leucocyte  extract ............  132 
M. aureus +  Locke's  .....................  103 
M. aureus +  boiled leucocyte  extract ........ t  135  I 
30 min.  60 rain. 
23  9 
0  0 
t20  98 
73  67 
9O  85 
98  110 
148  149 
The Effect of Radiation on Bactericidal Activity of Leucocyte Extract.-- 
Leucocytes pooled from 5 rats were used for preparation of any one batch of supersonic 
extract. To 2.1  ml.  of extract (approximately equal to 32,000 W.B.C/mm.  s)  were added 
0.5 ml. of 1 ×  10  -4 dilution of a suspension of M. aureus (approximately 100 cells/ml.) and 
0.5 ml. of sterile Locke's solution. Bactericidal activity was  determined by making bac- 
terial counts at 0, 30, and 60 minutes after incubation of the mixture at 37°C. 
In experiment A  (Table IX), a  reduction from 93 to 9 bacteria per ml.  was 
observed after  60  minutes  of incubation.  Similarly,  in  experiment  B  (Table 
IX) the decrease was from  132  to 85  organisms. A  boiled extract showed no 
activity.  The same degree  of activity was observed when  these  experiments 
were repeated several times. 
The bactericidal  activity was found only in  the soluble portion of the ex- 
tract. It showed optimum activity at pH 7.5 and at a certain ratio of bacterial 
concentration  to  amount of extract.  Frozen  extracts  remained  stable  for at 
least 2 days. Extracts dialyzed against 0.05 m phosphate buffer at pH 8.0 ex- 
hibited  the  same bactericidal activity as did  the  undialyzed preparations.  A 
slight  increase  in  bactericidal  activity occurred  after  purification  of the  ex- 
tract by either one- or two-step fractionation with NH4SO4  (Table X). After 
two-step NH4SO4 fractionation, the F-1 and F-2 fractions were tested against 
M.  aureus,  both  separately  and  mixed  and  compared with  aliquots of these 
fractions heated for 30 minutes at 60°C.  and with the original extract. The re- M.  FIS'RM'AN AND  I.  L.  SHECHMEISTER  285 
suits (Table X) indicated that the active substance was found in both the F-1 
and F-2 fractions. The bactericidal activity of either fraction or of the combina- 
tion of both fractions was greater than that of the extract prior to fractionation. 
Marked concentration of the bactericidal substance occurred when the extract 
was  fractionated by means  of calcium  phosphate  gel;  the  resulting  filtrate 
killed nearly 100 per cent of the test organisms. (Table X). 
TABLE  X 
E.ffea of Fractionatlon on the Bactericidal Activity of Leucocyte Extract on M. aureus 
A.  M. a,weus +  leucocyte extract ............. 
M. aureus +  leucocyte extract  (100  per  cent 
NH4SO0 
M. aureus +  Locke's ...................... 
B.  M. aureus +  leucocyte extract ............. 
M.  aureus  +  leucocyte  extract  heated  at 
60°C./30 min  ........................... 
M. aureus +  F-1 ......................... 
M. aureus +  F-1 heated at 60°C./30 rain ..... 
M. aureus +  F-2 ......................... 
M. aureus +  F-2 heated at 60°C./30 rain .... 
M. aureus +  F-1 +  F-2 ...................  ] 
M.  aureus  +  F-1  +  F-2  heated  at  60°C./301 
min  ....................................  i[ 
M. aureus +  Locke's ......................  I 
M. aureus +  Gel-1 ........................  [ 
M. aureus +  Gel-2 ........................  [ 
! 
Bacterial  concentration/mL  after 
indicated incubation period 
0 rain.  30 rain. 
163  113 
167  89 
169  160 
170  161 
223  234 
245  201 
201  204 
173  114 
192  197 
200  118 
225  233 
116  164 
183  2 
187  5 
50 rain. 
109 
78 
165 
132 
237 
139 
204 
71 
187 
118 
226 
171 
5 
5 
Note:-- 
F-I 0-50 per cent NI-I~SO4. 
F-2 50-100 per cent NH4SO4. 
Gel-1 0.05 ml. Cas (PO~)2. 
Gel-2 0.20 ml. Cas (PO4)~. 
The effects of radiation on the bactericidal activity of leucocyte extracts are 
summarized in Table XI. 20 rats exposed to 600 r  and the controls served as 
donors of leucocytes 1 and 3 days after irradiation. While the bactericidal ac- 
tivity of the extracts obtained from animals  1 day after irradiation was  not 
affected by the exposure, extracts prepared 3 days after irradiation  exhibited 
no bactericidal activity. Since the same  concentration of leucocytes was used 
in preparation of both normal and irradiated  extracts, the loss of activity by 
the latter could not be attributed to differences in W.B.C.  concentration. 
Effect  of Radiation  on Susceptibility  of Rats  to  M.  aureus.--Normal  and 286  ]~]~FECT  OF  IRRADIATION  ON  PHAGOCYTOSIS.  1I 
irradiated rats were challenged intraperitoneally with graded concentrations of 
M. aureus 1 and 3 days after irradiation. The results, presented in Table XII, 
show that irradiation increased the susceptibility of rats to staphylococcal in- 
fection. While the mean survival time of rats infected 1 day after irradiation 
was 4.8 days, the animals infected 3 days after irradiation survived only 2 to 4 
TABLE XI 
Effect of Irradiation  on  the Bactericidal  Activity of Leucocyte  Extract  on M.  aureus 
I. Animals irradiated 600 r/1 day 
M. aureus +  normal leucocyte extract ...... 
M. aureus +  irradiated leucocyte extract .... 
M. aureus -{- Locke's  ..................... 
II. Animals irradiated 600 r/3 days 
M. aureus  +  normal leucocyte extract ...... 
M. aureus -1- irradiated leucocyte extract .... 
M. aureus  +  Locke's  ..................... 
M. aureus  +  normal leucocyte extract heater 
at 60°C. 30 rain  .......................... 
M.  aureus  +  irradiated  leucocytes  extract 
heated at 60°C./30  min  .................. 
Bacterial concentrstion/ml, after 
indicated incubation period 
0 rain.  30 min. 
279  189 
280  175 
224  225 
276  199 
276  269 
276  276 
273  266 
211  239 
60 mln. 
161 
158 
225 
183 
274 
273 
282 
250 
TABLE XII 
The Effect of Radiation on Susceptibility of Rats to M. aureus 
Condition of animal 
Normal 
Irradiated 1 day before 
Irradiated 3 days before 
Irradiated, not infected 
Challenge dose of M. aure~s 
1.6 X  lOa cells  4 X  I0  e cells 
Survival time  Survival time  Dead/tota._____~l 
0IS  j 
sis  t 
sis 
days 
4, 5, 5, 5, 5 
l, l, 2, 4, 4 
Dead/total 
0/5 
0/8 
5/8 
0/8 
days 
1, 1, 2, 2, 3 
days. Two deaths in irradiated controls occurred at a  considerable later date, 
and none of the normal-infected animals succumbed. When challenged with a 
lower dose of organisms (4  X  106 bacteria) only the animals that were infected 
3  days after exposure to 600 r  died. The increased susceptibility of rats to M. 
aureus  injected on the 3rd postirradiation day was associated with decreased 
phagocytic function of the granulocytes, and with granulopenia. M.  FIS~AI~  AND  I.  L.  SHEC~ISTER  287 
DISCUSSION 
Primary and secondary effects of radiation  on leucocyte migration  and on 
leucocytes or leucocyte-forming organs  have  been discussed  in  the previous 
communication (1). The present results show an increase in phagocytic indices 
2 and 12 hours after irradiation, accompanied by leucopenia, primarily lympho- 
penia. 1 day after irradiation the phagocytic activity returned to normal,  con- 
comitant  with  normal  migration  of leucocytes (1),  and  normal  bactericidal 
activity of blood and leucocyte extracts. On the 2nd postirradiation day both 
the opsonophagic index and index of surface phagocytosis fluctuated between 
normal  and  subnormal values, and  leucocyte migration  was slightly but sig- 
nificantly decreased (1). The blood picture remained essentially similar  to that 
encountered on the 1st post.irradiation  day, with only a  slight decrease in the 
total W.B.C. counts. This gradual manifestation of radiation damage became 
more pronounced between the 3rd and the 5th postirradiation days, when the 
following were recorded: (a) the lowest W.B.C. counts due to (b) lymphopenia 
and granulopenia,  (c) a  normal lymphocyte/granulocyte ratio,  (d) a  decrease 
in opsonophagic  index and index of surface phagocytosis, (e) a decrease in the 
bactericidal activity of leucocyte extracts against M. auteus, and (0 an increase 
in  susceptibility of irradiated  rats  to infection with M.  aureus.  The normal 
lymphocyte/grannlocyte ratio indicates that although there was a leucopenia, 
the individual cells were being produced in normal proportion. 
The primary phase of radiation injury occurring  during the first 5 days after 
irradiation,  was thus characterized by leucopenia,  decreased leucocyte migra- 
tion, impaired phagocytosis, and increased susceptibility to infection.  The sec- 
ond phase of radiation injury, appearing  10 to 13 days after irradiation,  was 
again manifested by leucopenia,  with  lowered lymphocyte/granulocyte ratio 
and a depression in leucocyte migration.  Recovery of these leucocyte functions 
began after the 13th postirradiation day. 
The increase and decrease in the indices of phagocytosis of irradiated animals 
appeared to be associated with a gain and subsequent loss of leucocyte func- 
tion. This finding is in agreement with the observations of Wilkinson who noted 
that  deficient  phagocytosis of Pasteurella  pestis  (strain  A-1122)  from  7th  to 
13th day after irradiation of rats with 550 r was due to "...  a defect in poly- 
morphonuclear leucocytes themselves" (31). 
Although  antibodies  are  not  involved in  change  in  surface phagocytosis, 
their role in fluctuating opsonocytophagic indices cannot be evaluated at this 
time.  Inhibition  of leucocyte migration  offers  a  partial  explanation  for the 
effect of radiation on phagocytic indices. 
In  these  experiments  the  granulocytes  were morphologically mature,  i.e. 
in size and nuclear configuration,  but no attempt was made to determine their 
age.  Ponder and Flinn (32) and Custer (33),  found no significant  differences in 
phagocytic activity of leucocytes of different  age.  This  led Zinsser  et aL  to 288  EFFECT  OF  II~RADIATION  ON  PHAGOCYTOSIS.  II 
conclude that "...  cellular maturity and phagocytic activity are in  no  way 
correlated" (34). 
Diminution of phagocytic activity of the granulocytes could be a  contribut- 
ing factor in the reduced bactericidal power of the blood of  irradiated  rats. 
Leucocytes from peritoneal washings plus serum from rats 3 days after irradia- 
tion exerted less bactericidal effect on M.  aureus than did similarly  obtained 
leucocytes and serum from non-irradiated animals, even though the concentra- 
tion of leucocytes in both instances was the same and the sera of the irradiated 
animals were more bactericidal than those of normal animals. Serum from ir- 
radiated animals was also more bactericidal than normal serum when both were 
inactivated at 56°C.  for 30 minutes. A bactericidal effect of decomplemented 
serum has been reported by several workers,  whose results have been sum- 
marized by Mackie and  Finkelstein  (35).  They reported the  presence  of a 
thermostable substance in sera from various animals which were still bacterici- 
dal after heating for several Gram-positive bacteria but not for Gram-negative 
organisms. This substance was destroyed when heated at 50°C. for 30 minutes 
and thus could not be related to lysozyme or leukins, which are more thermo- 
stable. It could be compared to trypsin, which has the same heat stability in a 
slightly alkaline solution as the thermostable bactericidal substance has in the 
serum. These two substances are also similar in that both are destroyed at 56°C. 
when diluted 1:2  with saline. While the nature of the bactericidal factor in 
normal and irradiated decomplemented sera cannot be determined from these 
results, it has been established that this substance acts in the absence not only 
of complement, but also of specific antibodies. This was shown by the observa- 
tion that serum which had been heated and specifically adsorbed still exerted a 
bactericidal effect on M. aureus. The greater bactericidal activity of decomple- 
mented serum from irradiated as compared with normal animals may possibly 
have been due to inactivation by irradiation of an "enzyme inhibitor" in the 
serum, thus unmasking an active enzyme capable of killing the test organism, 
M.  aureus. 
The significance of the decrease in bactericidal activity of the extracts pre- 
pared from leucocytes from irradiated animals cannot be  evaluated at  this 
time. Although these extracts behaved, to an extent, like proteins which possess 
enzymatic activity, more direct evidence is necessary to make such an assump- 
tion. Some of these properties were exemplified by (a) their heat lability, being 
destroyed at 60°C.,  (b)  the observation that their activity, brought down by 
fractionation with NH4SO4 and by calcium gel, was greater than that exhibited 
by the crude extract, (c) their pH optimum of 7.5, and by (d) the existence of 
"enzyme substrate" phenomenon. 
Experiments are in progress to determine the chemical nature of the bac- 
tericidal substance or substances in leucocyte extracts. From the preliminary 
results utilizing radioactive isotopes, killing of bacteria by the extracts appears M.  FISHM~N  AND  I.  L.  SHECI-IMEISTER  289 
to be accomplished without lysis of the bacterial cell, indicating an alteration 
in the metabolism of the organism. 
It can be postulated that one of the explanations for the observed increase in 
susceptibility of irradiated rats to M.  aureus is the breakdown of the defense 
mechanism of the leucocytes, as exemplified by a  decrease in the phagocytic 
indices, a decrease in leucocyte migration, and a loss of the bactericidal power 
of leucocyte extracts against M.  aureus.  These factors, together with the de- 
crease  in  the  bactericidal  power  of  whole  rat  blood by x-radiation,  would 
facilitate bacterial invasion and subsequent death of the host. The importance 
of granulopenia in the radiation injury has been emphasized by other investiga- 
tors (36) and consequently is not discussed at this time. 
s~Y 
Rats irradiated  with  600  r  (total  body)  showed increased indices of both 
opsonophagic and surface phagocytosis 2,  12, and 24 hours after irradiation. 
The indices decreased 72 hours after exposure and returned to normal by the 
4th to 5th postirradiation day. 
Bactericidal power of the blood of irradiated animals was  depressed when 
measured 3 and 6 days after exposure to x-rays. 
Decomplemented  serum  from  irradiated  animals  was  more  bactericidal 
against  M.  aureus  than  decomplemented serum  from the  control rats.  This 
bactericidal substance was destroyed at 78°C. and was found not to require any 
complement or specific antibodies for action. 
Extracts of leucocytes from animals 3 days after irradiation demonstrated no 
bactericidal activity against M. aureus, while extracts from the control animals 
or rats  1 day after irradiation were actively bactericidal. The extracts from 
leucocytes of non-irradiated animals were thermolabile, non-dialyzable, had a 
pH optimum of 7.5, and were capable of being precipitated by NH4SO4 and of 
calcium phosphate fractionation. 
The observed increase in susceptibility of irradiated rats to infection with 
M. aureus was correlated not only with granulopenia but also with the alteration 
of the above indicated functions of the granulocytes of the irradiated animals. 
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